Microporous silica membranes are known to exhibit molecular sieving effects. However, separation of nearly equal sized molecules is difficult to carry out by size exclusion. Introducing sorption selectivity and keeping the kinetics favourable to facilitate a good contribution of permeation from sorption is a possible solution to enhance selectivity of adsorbing molecules. Results are presented in this paper on the synthesis of a microporous silica membrane with commendable permselectivity between helium and propylene. Modifications are performed on the membrane to improve its almost non-selective nature to propylene/propane mixtures to give practical separation values. Gas separation results on the modified membranes are presented. Surface selectivity on the newly added alumina surface layer is identified as the helping mechanism in realising this separation.
Introduction
The development of ceramic microporous membranes with good gas separation properties have been described in many recent articles [1] [2] [3] [4] . Some of these membranes consisted of a porous support modified with a silica microporous component by either the CVD or sol-gel technique. In the case of sol-gel modification [5] [6] [7] [8] [9] polymeric silica molecules are deposited on the top of a support system consisting of a microns thick mesoporous y-A1203 over a macroporous a-A1203 of desired thickness. The silica layer is then calcined at 400°C to end up as the separating top layer with a thickness of 50-100 nm.
This asymmetric membrane system has shown molecular sieving effects on molecules larger than 5-6 A and is found to be good for separating H 2 and He from larger hydrocarbons. It is however difficult to separate molecules of nearly the same molecular size such as paraffin-olefins, O2-N2, etc. With such combinations the size exclusion effect is difficult in practice and when it comes to dissolution (such as the separation of 02 with a dense perovskite mere-brane) the application is limited to specific ions at very high temperature [10] .
Introducing sorption selectivity instead of diffusion selectivity as in the case of polymeric membranes may be a solution for such separations. However, ceramic membranes are generally porous and brittle and a swelling type mechanism is impossible in practice except in pillared clay like materials with a comparatively loose structure [11] .
For sorption to be the separating mechanism a high sorption capacity (higher concentration and hence higher driving force) is needed and non-selective transport (diffusive, leakage) should be minimised. Direct gas phase entry into the micropore followed by non-selective diffusion can lead to lower separation factors. For high sorption capacity the porosity and the internal surface area of the membrane has to be increased. The problem is then that the pore size will increase to the mesoporous range, increasing non-selective gas phase transport.
Increasing the surface area above the micropore with sorption selective material was hence introduced in this paper. A schematic of the modified membrane system is shown in Fig. 1 . The starting point is the existing silica membrane with no or negligible selectivity for the molecular mixtures to be separated. Gas phase transport is minimum (Dpore Dmolecule) and hence external steady state sorption is rate determining [12] . This silica membrane is then provided with a porous sorption selective layer with a high sorption capacity. Under steady state conditions this results in a concentration difference of the sorbed components and therefore a driving force difference at the interface between the layers. This selectivity at the interface will be rate determining under conditions where molecular exchange at the silica pore mouth directly from the gas phase is minimum. Reasonably high adsorption capacity of the new top-layer is helpful in this regard. The separation selectivity is now determined by the driving force difference and not by the difference in diffusion through the silica layer. Because of transport, concentration of the highly sorbed species at the interface can decrease faster. Therefore the sorption capacity has to be large and the kinetics faster to realise separation effects under steady state conditions. These limit the possible permeation rates and application of the new membrane system.
In this paper experiments are presented to show that the concept of introduction of sorption selectivity in ceramic microporous membrane is a possible way to improve separation of similarly sized molecules. For the sorption selective layer T-AI203 has been chosen and)propylene,~ and propane of kinetic diameter (4.5 and (4.3 ,~) were selected as the molecules to be separated.
Experimental
Polymeric sols were prepared by hydrolysis and condensation of tetraethylorthosilicate (TEOS, Merck, p.a. grade) in ethanol with HNO 3 as catalyst [13] . A mixture of HNO 3 (Merck, p.a. grade) and water was carefully added, using a dropping funnel, to a mixture of ethanol (ethanol absolute, Merck, p.a. grade) and TEOS under vigorous stirring. The reaction mixture was then refluxed for 3 h at 65 _+ 5°C under stirring. The molar ratio of TEOS:water:ethanol:HNO 3 used was 1:6.4:3.8:0.085. The silica sol thus made was diluted to a concentration of 0.1 mol/1 for dipping the support.
a-Alumina supports with a y-alumina intermediate layer were then dip coated with this sol. This support (alpha), intermediate layer (gamma) system is Knudsen diffusing [6] . The support system has a roughness of 40 nm and a porosity of 50-60%. Details of the synthesis and characterisation of these are reported elsewhere [6] .
This support was dip coated with silica sol. The dipping time was 4 s. Drying was carried out in a climate chamber (40°C, 60% RH), followed by calci-nation at 400°C for 3 h at a heating rate of 25°C/h. Silica unsupported membranes for gas adsorption measurements were made by drying the dip solution in a petri dish at room temperature (in a laminar flow cupboard at a wind velocity of 0.45 m/s). Calcination was carried out in the same way as that of the supported membrane.
Boehmite sol was made by hydrolysis of aluminum-tri-sec-butoxide (Merck, p.a. grade). The alkoxide was added dropwise to water maintained at 90°C under vigorous stirring. The water alkoxide ratio was maintained at 70:1. After hydrolysis the boehmite/water mixture was boiled for 1 h to remove excess alcohol. This was peptised with 1 N HNO 3 by refluxing at 80°C for 12 h. The resulting sol had a pH of 4 and a molarity of 1. This sol was concentrated by evaporation and then re-dispersed in ethanol to a concentration of 0.125 mol/1. This boehmite dip solution was used for making the alumina sorption selective top-layer for the silica microporous membrane. Dipping, drying and calcining procedures were kept the same as those for the silica microporous layer.
Philips PW 1710 X-ray diffractometer was used to evaluate the phases of the dried and calcined gels. The cross-sectional structure of the supported membranes were observed with a Hitachi S-900 FESEM.
Sorption studies were performed on unsupported membranes (gels) with a Carlo Erba Sorptomatic 1900 apparatus attached to a turbo molecular pump. Nitrogen adsorption studies at liquid nitrogen temperature were used to characterise the pore structure of the material. Propylene and propane adsorption on silica and alumina calcined gels were carried out in the same set up. Isosteric heat of adsorption (qst) was calculated from adsorption isotherms of propylene (C3H 6, coded P1 in figures) and propane (C3H s, coded Pa in figures) at different temperatures using standard expressions [14] .
Supported membranes of silica (SiO2, coded Si in figures) and silica with an alumina top-layer (A120 3-SiO2, coded A1-Si in figures) were tested for Helium (He) and C3H 6 single gas permeations in a pressure controlled set up equipped with analog flow read outs and programmed heating. Single gas permeations were carried out by applying constant pressure (50 KPa here) on the top layer of the membrane and vacuum on the back side. An extensive description of the equipment and experimental procedures is given by Vroon et al. [15] . The apparent activation energy [Eac t] for permeation was calculated from an Arrhenius plot.
Multi-component separation experiments were done with a Wicke-Kallenbach [16] set up, attached to a gas chromatograph for permeate, feed and retenrate analysis. Equimolar mixtures of C3H 6 and C3H 8 were used with an Argon sweep at 1 bar and 15 ml/min flow. Separation factors were calculated taking the ratio of permeate to feed concentration of individual components. This generally gives a pessimistic result since the average concentration over the membrane top-layer in a cross flow set up is always less than the feed concentration.
Consistency experiments were performed with silica and alumina sols made from different batches of chemicals and on alumina supports from different batches. Time dependant permeation behaviour was performed on the multicomponent separation set up under the previously described conditions. The membrane was tested till 200°C each time even though the results reported were at 50°C. For pore cleaning the membranes were heat treated (< 400°C) after removal from the set up under ordinary furnace conditions. Propylene permeation was calculated from the multiple gas mixture from the area of the integrated chromatographic peak. Aging experiments were performed by exposing the membrane to ambient atmosphere, followed by re-testing the permeation behaviour of the membrane.
Results
A nitrogen adsorption isotherm of the calcined silica unsupported membrane (gel) is shown in Fig.  2 . The type 1 isotherm establishes the microporous nature of the material. The micropore volume was calculated as 20% from the adsorbed nitrogen volume by the isotherm intercept method [8] . H-K analysis was performed on the isotherm points to give a mean pore size of 5.5 ,~. Details of this analysis can be found elsewhere [8b].
Propylene adsorption isotherms over silica gel at different temperatures are shown in Fig. 3 isosteric heat of adsorption of propylene over silica was calculated from these data. At low coverage (0.1 mmol/g) silica gel showed a very high isosteric heat of adsorption of 19.7 kJ/mol. However qst values went down to 11.9 kJ/mol as the coverage increased to 0.5 mmol/g.
Helium permeation results through the silica supported membrane are shown in Fig. 4 . Diffusion was activated with an apparent activation energy of 9.3 ___ 0.4 kJ/mol (not corrected for support resistance). Propylene permeation shown in Fig. 4 is reasonably good. However the permeation in this case was sorption controlled giving a decrease with increasing temperature. Hence the permselectivity of helium (2.6 A) to propylene (4.5 ,~) showed a maximum value of 14.5 at the highest measured temperature (200°C) as shown in Fig. 4 .
However multicomponent separation results with propylene/propane mixtures showed only very small selectivity. Separation factors (RT-200°C) always remained in the vicinity of 1.
Such silica membranes were dip coated with alumina sols (see Fig. 1 ) to make AIzO3-SiO 2 membranes. The alumina coating (gel) was mesoporous. The type 4 N 2 adsorption isotherm of the gel showed a total porosity of about 50% and a BET pore size of 36 A. X-ray diffraction analysis revealed the structure of the starting material (sol) as boehmite and calcined gel as gamma alumina. Propylene adsorption results on alumina showed Langmuir adsorption behaviour as in Fig. 5a . C3H 6 showed a small decrease in qst with coverage from 18.8 to 15.7 kJ/mol as the concentration increased from 0.1 to 0.5 mmol/g. Propane adsorption isotherms of alumina are shown in Fig. 5b . The sorption was of the Langmuir type with an insignificant increase of qst from 15 to 16.6 kJ/mol while the coverage increased from 0.1 to 0.3 mmol/gm. The isotherms identify a selectivity for propylene over propane on alumina. The ratios of adsorption capacity and the Henry slope [14] of these molecules are in the range 1.5-2 throughout the temperature range of investigation.
FESEM observations confirmed the sandwich structure of the AlzO3-SiO 2 membrane (Figs. 6a and  6b) . The silica active layer between the two alumina layers was only 40 nm thick (Fig. 6b) , between the arrows). The total thickness of the three sol-gel layers together was about 3800 nm (Fig. 6a) . The top alumina layer was about 400 nm thick. The alumina-silica (A1203-SIO 2) membrane showed microporous diffusion as in the case of silica. Helium permeation results through the membrane is shown in Fig. 7 . An apparent activation energy of 10.2_ 0.7 kJ/mol was calculated. However the propylene permeation results shown in Fig.  7 gave a significantly different view. Propylene permeation through the A1203-SIO 2 membrane is almost an order of magnitude larger than that through SiO 2 membrane. As a result the permselectivity of helium to propylene dropped to 2.2 at 200°C as shown in Fig. 7 .
Multicomponent separation measurements were performed on C3H6/C3H 8 mixtures through this membrane. The results are shown in Fig. 8 (see also the separation factor of silica membrane for comparison). The A1203-SiO 2 membrane showed reasonably good separation of these gases giving a separation factor of 1.7 at 50°C. The room temperature separation factor is not reported because of the uncertainty in measurement owing to pore blockage.
Consistency and durability measurements
Gas permeation through A1203-SiO 2 membranes was found to depend largely on synthesis conditions and support quality. Initial permeability of these membranes scattered between 10-40 m3/m 2 bar day. However for membranes with comparable helium Eac t (~ 10 kJ/mol), C3H6/C3H 8 separation factors always stayed in the _ 5% range. Fig. 9 shows the behaviour of A1203-SIO 2 mem- brane under the test conditions. The separation factor (C3H6/C3H 8) and propylene permeation (from the mixture) at 50°C under the reported test conditions is shown for 8 consecutive tests performed within 17 days of the initial run. The decrease in permeation is associated with pore closure during testing and the increase is made by heat treating the membrane at temperatures ranging from 200-400°C under ordinary furnace conditions. The fluctuations in separation factor resulting from this pore clogging and further cleaning is not that severe, however there is no systematic correlation between separation factor and permeation. Experiments showed that exposure of the membranes (A1203-SiO 2 and SiO 2) to humid atmospheres can lead to densification. 45 days aging at ambient atmospheres made both the membranes densify permanently. Single gas permeation measurements conducted after aging revealed only a negligibly small contribution from the diffusive flux.
Discussion
Silica gels can be prepared with microporosity ranging from 0 to 40% by varying the synthesis conditions and amount of reactants [13] . The present synthesis conditions are moderate leading to nearly linear fractal polymers at the end of the 3 h synthesis time. The fractal dimension of the polymer o WaS nearly 0.96 and the radius of gyration 17 A as reported elsewhere [17] . Controlled drying of this sol lead to gels with a microporosity of 20% as is shown in the nitrogen adsorption isotherm in Fig. 2 . The analysis of such isotherms with modified H-K type models can give an approximate idea of the pore size and its distribution [8b]. The mean pore size of this membrane was calculated as 5.5 A, which is good enough to show molecular size exclusion effects. However the pore sizes in supported membranes can differ from that of unsupported membranes because of support constraints and differences in drying rates.
Helium permeation results on supported membranes in Fig. 4 supports the microporous structure as shown by the gels. The activation energy measured is comparable to other published results [8a].
This microporous silica gel showed a Langmuir type adsorption of propylene at low temperatures.
However as the temperature is increased the membrane started showing a Henry type adsorption behaviour (Fig. 3) . The isosteric heat of adsorption showed a reduction with increasing concentration. This fall in qst can be associated with an energetically heterogeneous silica surface [18] . The preferential sorption in the micropores should be the reason for this heterogeneity [19] . This guarantees a strong concentration of C3H 6 in the micropores of silica. The strongly sorption controlled permeation of C 3 H 6 through the SiO 2 membrane during the single gas permeation measurement was hence expected. The permeation of propylene through the membrane showed a decreasing trend with increasing temperature (Fig. 4) . As can be realised from the individual permeation values of helium and propylene through the membrane, the permselectivity between the gases was reasonably high.
C3H6/C3H 8 separation results were not encouraging. It was seen that C3H 6 permeation through the membrane is sorption controlled. So the absence of separation between the gases points to an absence in steady state sorption selectivity between the gas molecules on silica surface and pore mouth [20] . To realise this separation a membrane with high adsorption capacity and surface selectivity of the target molecule has to be designed. However the thin structure and small pore sizes always keeps the adsorption capacity of the separating layer small.
Efforts to make C3H6/C3H 8 selective microporous membranes out of alumina, which showed reasonably high equilibrium adsorption capacity and selectivity over C3H6/C3Hs, were not successful. Due to synthesis limitations even the unsupported membrane showed only mesoporous nature. A total porosity of 50% and pore size of 36 A was calculated from the nitrogen adsorption isotherms. Alumina membranes directly made over the support, gamma alumina layer system were Knudsen diffusing. Separation factors between C3H 6 and C3H 8 remain in the range of the Knudsen value (1.023).
The alumina-silica (A1203-SiO 2) system, comprised of an alumina layer over microporous silica, showed activated diffusion for helium. Permeation and Eac t values of the A1203-SiO 2 membrane were comparable to that of pure SiO 2 membrane (Figs. 4  and 7) . Because of the inconsistency in permeation of these membranes, this comparison of absolute flux values is meaningless to some extent. However the results on an A1203-SiO 2 membrane in which the permeation of the underlying SiO 2 membrane was first measured showed a similar trend. It can hence be assumed that the coating of the alumina layer did not produce any defects or significant additional resistance. Propylene permeation through this membrane, as evidenced by the low permselectivity of helium (Fig. 7) , was very high compared to the pure SiO 2 membrane. The increased sorption of C3H 6 over alumina as in Fig. 5a should be the reason. Strong Langmuir adsorption and stable qst of C3H 6 over alumina are notable. This is evidence of a large number of homogenous adsorption sites on gamma alumina. The steady state surface diffusion will then be comparable to the equilibrium value [21] . Alumina also showed moderate and steady qst values for propane. The ratios of adsorption capacities and Henry slopes of the two gas molecules showed selectivity for propylene under equilibrium conditions. The C3H6/C3H 8 separation behaviour (Fig. 8 ) of the A1203-SiO 2 membrane apparently supported this. These membranes have shown reasonably large separation factors (SiO 2 showed almost no separation) under steady state mixture gas permeation. The reported separation factor of 1.7 at 50°C is commendable compared to the Knudsen separation value of 1.023 and that of zeolite MFI membranes (1.25 at 298 K) as reported by Vroon et al. [15] . The separation factors are nearly equal to the equilibrium ratio of C3H6/C3H 8 adsorption capacities over alumina (in the range 1.5-2 at 50 KPa as in Fig. 5a and Fig.  5b ). Hence the large number of homogenous adsorption sites and surface selectivity of alumina should be the reason for the enhanced separation factor of the A1203-SIO 2 membrane.
Consistency and durability measurements show the problems faced by these membranes. The consistency in permeation through the A1203-SIO 2 membrane is not very high but is a general problem as far as inorganic membranes are concerned. However the separation factor remained nearly the same, for membranes having the same activation energy (the quality of the support can cause problems, as far as non-diffusive flux is concerned) [Ref. [8]a, pp. 197-205] . Another difficult thing to control is the formation of the microporous silica layer from the fractal polymers. Condensation reactions happening along with drying can lead to variations in porosity of the membrane [9] . Strict control over drying procedures is therefore essential.
Another problem faced by such membranes is the apparent pore blocking by propylene, eventually decreasing the permeation. However frequent heat treatment operations (Fig. 9) can clean the membrane. Hence the problem is not as disastrous as the permanent densification that happens to these sol-gel silica membranes in the presence of water. This densification in the presence of water vapour will be enhanced at higher temperatures. It is realised that the addition of the new layer has not improved the chemical stability of the silica membranes against water vapour.
Conclusions
1. Microporous silica membranes with commendable permselectivity between helium and propylene can be made by the sol-gel route. 2. The molecular sieve like separating mechanism prevailing in such silica membranes is inadequate to realise good separation values for gas molecules of nearly the same molecular size. 3. Introduction of a sorption selective surface layer with reasonably high adsorption capacity is helpful to increase the separation factor between propylene and propane at low and moderate temperatures.
